Abstract -A description of the basic mechanisms of energetic molecule ejection from surfaces, both collisional and electronic, is presented. It is shown that the rotational and vibrational population distributions, and kinetic energy and angular distributions contain clear fingerprints of the ejection mechanism, and some information on the molecule bonding configuration on the surface. Use of this information should enable a definitive experimental determination of the last reaction step in the ion beam-reactive gas etching process.
INTRODUCTION
Both semiconductors and metals are eroded or etched by halogen containing vapours. Like its counterpart "wet chemical etching", this process is isotropic, and undercuts any structure defining mask, thus limiting the ultimate attainable device resolution (Fig. la) . Directional etching, however, can be induced by combining a relatively unreactive halogen containing vapour with energetic particle bombardment. The bombarding species "catalyse" the reaction (Fig. ib) , and the etch rate is much faster than with either the particle beam or halogen vapour alone (ref. 1 ). This process is already being exploited in VLSI technology, but to allow full development of the potential of this technique, considerable effort is being devoted to fundamental studies whose aim is to identify the reaction mechanism, and optimize its efficiency.
It has been proposed that the energetic particle beam enhances the halogensilicon reaction and that the product molecules thermally desorb (ref. [2] [3] [4] , or alternatively, that the particle bombardment is itself directly responsible for the molecule ejection (ref. 5 ). In attempts to establish which mechanism is operative, extensive measurements of the mass and kinetic energy distributions of product molecules have been performed (ref. [2] [3] [4] [5] , and recently, the internal (rotational and vibrational) energy distributions of ejected molecules have been measured (ref. [6] [7] .
To assist the interpretation of these differential measurements, theoretical models describing molecule ejection following photon, electron, and ion or atom bombardment have been developed (ref. [8] [9] [10] [11] [12] [13] . The resulting calculations of rotational, vibrational, kinetic energy and angular distributions of ejected molecules provide us with fingerprints of these ejection processes, which we can then seek in experimental data.
In this paper, the general properties of molecules ejected following energetic particle bombardment of solids will be presented, and the microscopic mechanisms discussed. Specific examples of particular relevance to the etching of silicon by halogen containing vapours are presented.
Mask
Substrate Fig. 1 . Schematic etch pits generated by a) reactive gas only, and b) the combination of an ion beam and reactive gas.
1245 a)Gas only b)Ion beam+ gas BASIC MECHANISMS Particles (either atoms or molecules) may be ejected from solids through momentum transfer following either vibrational or electronic excitation of the particle-surface bond (Fig. 2) . The former process corresponds to the direct "collisional" energy transfer occuring in ion-beam induced desorption and sputtering (Fig. 3) , the latter to the indirect energy transfer which occurs following electron or photon impact. We consider each of these processes separately. Fig. 2 . Illustration of particle ejection from solids via a) electronic excitation of the particle-substrate bond via eg. electron or photon impact. If this state does not immediately decay, the atom or molecule A separates from the substrate S under the influence of the repulsive potential A+S*, and will be detected with a kinetic energy Ea; and b,c) vibrational excitation of the particle-substrate bond via collisional energy transfer. If insufficient energy transfer occurs, the atom or molecule will remain trapped, while for transfers exceeding the particle binding energy to the surface, ejection will occur with a final atom or molecule kinetic energy of Ec being observed.
Collisional energy transfer At the geome.tries generally employed for ion assisted etching (near normal incidence) direct beam induced desorption is prohibited by momentum conservation. At more glancing impact angles, such ejected atoms have a well defined energy E1 in a particular observation direction 0 to the primary beam direction, viz 4m1m2 2 = 2 E cos 0, 0<r/2 (1) (m1+m2) where mi and m are the projectile and recoil atom masses, and E0 is the projectile energy. This technique has been termed ion impact desorption spectroscopy by Eckstein and coworkers (ref. 14) . Molecules ejected via this process may have energies somewhat less than predicted by equation (1), due to excitation of rotational or vibrational degrees of freedom. Nevertheless, the approximate projectile energy, mass, and angular dependences contained in equation (1) permit easy identification of this process.
If the energetic projectile ion penetrates the surface layer, momentum transfer to atoms along its path sets up a "collision cascade" (ref. 15 ). This cascade can in general be described initially by a sequence of nonoverlapping binary collision sequences, which eventually intersect and thermalize. Particle ejection occurs in general early in the cascade development, when the average energy per moving atom is high. This requirement is imposed by the necessity for ejected atoms to overcome their binding energy to the surface. In solids like silicon, which are quickly amorphized by ion bombardment, the collision cascade is essentially isotropic and the atoms in the solid exhibit an energy spectrum close to E2. Through their diffraction by a planar surface barrier U, ejected atoms thus possess to first order the distribution cose, (2) where ca is a constant containing the beam and substrate parameters.
This same collision cascade is of course responsible for molecule ejection. Let us consider the simplest possible model situation sketched in Fig. 4 , and assume the molecule is ejected via a single binary collision between a substrate atom (atom 0) and one end of the molecule (atom 1). If we assume an energy transfer E1 to atom 1, the energy of the centre-of-mass of the atom pair 1-2 is = (m1±m2) E1 (3) where m1 and m2 are the masses of atoms 1 and 2 respectively. Since we already know the energy distribution of atom 1 (equation (2)), we can immediately write the atom pair kinetic energy and angular distribution, viz
(E12+KU)
where K=ml/(ml+m2), the scale factor in equation (3) . Since K<l always, the molecule energy spectrum will peak at a lower energy (namely KU/2) than that of the atom 1 (U/2).
The remaining energy E=Ej-Ej is distributed over the internal degrees of freedom of the molecule. If we neglect electronic excitation, and treat rotation and vibration classically, we obtain 2 E = E. cos c. where a is the angle between the initial direction of motion of atom I and the molecule bond axis (Fig. 4) .
Clearly, if Ei is large enough, the atom pair 1-2 may dissociate. These dissociating pairs must be removed from the spectrum (equation (4)) to give the true spectrum of sputtered molecules.
A diatomic molecule with angular momentum L has a potential curve U(r,L) = V(r) + L2/2ijr2 (6) where r is the internuclear distance, =mim2/(mi+m2) is the reduced mass, and V(r) is the potential curve of the non-rotating molecule. Such a potential will have, in general, a maximum at some intermediate r value for non-zero L. This so-called "centrifugal barrier" can be seen in 
where D is the dissociation energy of the ground state molecule. Thus the kinetic energy distribution of molecules ejected via this mechanism (equation (4)) will have a high energy cutoff. This cutoff is of the order of the dissociation energy for like-mass atoms, but can become very large for hydrides. This effect is illustrated in Fig. 6 , and the corresponding rotational and vibrational population distributions are shown in Fig. 7 . Notice that for typical sputtering parameters, between 50 % and 96 % of the molecules survive the ejection collision. This means that molecule sputtering can be an extremely efficient process.
Up to now we have considered an idealized, but nevertheless revealing, model of molecule sputtering. How would our predictions be influenced by assuming, for example, energy transfer to bo-th atoms during ejection, or that both atoms are initially bound to other surface atoms (Fig. 8) 
CONCLUS ION
Following extensive theoretical analysis of molecule ejection from surfaces via collision or electronic energy transfer, we find that clear fingerprints of the ejection mechanism exist in the internal and translational energy, and angular distributions. Measurement of these observables, and comparison with theoretical predictions, should therefore enable definitive identification of the final reaction step in the ion beam-halogen etching process.
